Abstract. Period 2 (per2) is a core circadian clock gene. Dysregulation of the per2 gene has been identified in a number of types of human cancer and may be associated with a poor prognosis. To confirm the influence of per2 gene on MNNG/HOS human osteosarcoma cells, small interfering (si)RNA against per2 or plasmids containing per2 were transfected into MNNG/HOS cells, and the proliferation, apoptosis and migration were observed. The present study demonstrated that per2 knockdown significantly enhanced MNNG/HOS cell proliferation and migration and protected MNNG/HOS cells from apoptosis. Per2 overexpression inhibited MNNG/HOS cell proliferation and migration and promoted apoptosis. Furthermore, the protein expression of phosphorylated (p)-protein kinase B (Akt) and Bcl-2 were inhibited in per2-overexpressing cells, while the expression of p27, p21 and cleaved caspase-3 was promoted. In contrast, the expression of p-Akt and Bcl-2 was promoted in per2-knockdown cells, and p27, p21 and cleaved caspase-3 were decreased. This initial study may provide an alternative therapeutic strategy for the treatment of osteosarcoma.
Introduction
Osteosarcoma is the most common malignant bone tumor, with characteristics that include hematogenous metastasis and local invasion (1) (2) (3) . Osteosarcoma primarily occurs in children aged 10-14 years old (2) ; the metaphysis of long bones is the most susceptible area, particularly the distal femur and proximal tibia. Patients without lung metastasis have a five-year survival rate range from 50 to 70% following radical tumor resection, whereas those with lung metastasis have a <20% five-year survival rate (4) . The lung is the most common site of metastasis, followed by the bones (5) .
At present, the standard treatment strategies include preoperative chemotherapy, surgical resection and postoperative chemotherapy. Although various chemotherapeutics have been developed, a large proportion of patients continue to succumb to disease recurrence and metastasis. The main reasons for treatment failure are early metastasis and the development of drug resistance. Therefore, it is necessary to explore novel alternative treatment options, particularly gene therapy (6, 7) , to prevent early metastasis, slow osteosarcoma progression and improve the quality of life and survival rate for patients with osteosarcoma.
Circadian rhythm is also known as the 'biological rhythm' and is a cycle of ~24 h. Nearly all living beings have a biological rhythm, which resembles the Earth's day and night cycle. This phenomenon is part of the biological evolution and the natural selection process. Biological rhythm affects not only macro-organisms, but also in various organs and even single cells, so biological rhythm is one of the most important basic characteristics of biological activity. A number of biochemical and physiological indexes, including body temperature, heart rate, blood pressure (8) and sleep-wake cycle (9) , are significantly affected by circadian rhythm. The molecular biological foundation of these processes are the circadian rhythm genes, which serve important roles in the maintenance of circadian rhythm, as well as affecting other gene expression and biochemical processes (10) . The disruption of circadian rhythm leads to the occurrence and development of certain diseases (11, 12) . A circadian variation in the onset of stroke (13) and myocardial infarction (14) has been demonstrated, and workers who work night shifts have a greater chance of developing diabetes (15) . Circadian clock genes, such as Period 2 (per2) and Bmal1, have been demonstrated to serve important roles in angiogenesis (16) .
Per2 is a core circadian clock gene. Per2 protein, which affects various signaling pathways, including the protein Period 2 on the proliferation, apoptosis and migration  of osteosarcoma cells, and the corresponding mechanisms   TAO QIN   1   , XIAO-TING LU   2   , YONG-GANG LI  1 , YAN LIU  2 , WENJIANG YAN  2 , NA LI  2 and YUAN-YUAN SUN kinase B (Akt) cascade, (17) to regulate the biological activities of the body, is expressed variably in different tissues (18) . Dysregulation of the per2 gene has been identified in various types of human cancer (12, 19) , including breast cancer (20) , hepatoma (21), colorectal cancer (22) and pancreatic ductal adenocarcinoma (23) , and may be associated with a poor prognosis. However, there is limited data regarding whether and how the circadian gene per2 affects the functions of osteosarcoma cells. As further research is required on this topic, the present study aimed to investigate the effect of per2 in osteosarcoma cells. To achieve this, a eukaryotic expression vector containing per2 or per2 small interfering (si)-RNA was transfected into MNNG/HOS osteosarcoma cells. Following transfection, the effect on cell proliferation, migration and apoptosis were analyzed. Furthermore, in order to investigate the mechanisms of per2 in MNNG/HOS cells, the effects of per2 overexpression and knockdown on proliferation and apoptosis-associated proteins and the Akt signal pathway were examined.
Effect of

Materials and methods
Cell culture and transfection. The cells were allocated into five groups, i.e., blank control (no treatment), pcDNA3.1-per2, pcDNA3.1-only, per2 siRNA and control siRNA groups. Cells were transfected with the plasmid and siRNA with Lipofectamine 2000 reagent (Thermo Fisher Scientific, Inc.). Briefly, according to the manufacturer's protocol, the transfection complex was prepared based on an optimized proportion of plasmid or siRNA and Lipofectamine ® 2000 reagent, which was transfected into MNNG/HOS cells at 70-80% confluence. After 48 h, cells were washed with PBS and collected for subsequent assays.
Immunofluorescence. Cells were plated on coverslips in six-well plates and transfected as described, cells were fixed with 4% paraformaldehyde at room temperature for 10 min and followed by 0.1% Triton X-100 for 10 min, blocked with 1% bovine serum albumin (cat no. 10270106; Gibco; Thermo Fisher Scientific, Inc.) for 20 min at room temperature, and incubated with rabbit anti-per2 (dilution, 1:250; cat no. ab180655; Abcam, Cambridge, UK) overnight at 4˚C. Subsequent to incubation with an fluorescein isocyanide-conjugated AffiniPure goat anti-rabbit secondary antibody (dilution, 1:1,000; cat no. 1095047; Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature, cells were stained with DAPI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 15 min at room temperature. Photomicrographs were then captured from laser confocal microscopy (LCSM, Zeiss KS 400; Zeiss AG, Oberkochen, Germany).
Cell proliferation assay. Cell proliferation was detected using cell counting kit-8 (CCK8, cat no. C0038; Beyotime Institute of Biotechnology, Haimen, China). Following transfection as described, cells were seeded at a density of 5,000 cells per well in 96-well plates. Following starvation (growth without serum) for 24 h, an aliquot of 10 µl CCK-8 solution was added to the wells and incubated for 2 h at 37˚C. Absorbance was then measured at 450 nm to determine the optical density (OD) value.
Cell migration assay. The migration assay was performed using an 8-µm pore size Transwell invasion chamber (24-well; Corning Incorporated, Corning, NY, USA) according to the manufacturer's protocol. Briefly, 1x10 5 cells were transferred to the top chamber in 200 µl serum-free DMEM, and 500 µl DMEM supplemented with 10% FBS was added to the lower chambers. After a 24-h incubation, cells that remained in the top chamber were removed with a cotton swab, and the migrated cells in the bottom chamber were fixed with 4% formaldehyde for 10 min at room temperature and stained with hematoxylin for 10 min at room temperature. Cells were photographed using an inverted microscope and cell numbers were quantified by ImageJ software (1.51; National Institutes of Health, Bethesda, MD, USA).
TUNEL staining. Preconditioned cells were collected for terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) apoptosis assay using a In Situ Cell Death Detection kit (Merck KGaA) according to the manufacturer's protocol. The rate of apoptosis was calculated as the ratio of TUNEL-positive cells to total cells as determined under a light microscope (Leica DM 3000; Leica Microsystems GmbH, Wetzlar, Germany) in five randomly determined fields.
Western blot analysis. Cells were solubilized in cold radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology) to extract protein. The protein concentration was detected using a BCA kit (Beyotime Institute of Biotechnology). Cell lysates containing 30 µg of protein were separated with 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (GE Healthcare, Chicago, IL, USA). Subsequent to blocking with 5% skim milk at room temperature for 1 h, membranes were incubated overnight at 4˚C with the following primary antibodies: Rabbit anti-per2 (dilution, 1:1,000; cat no. ab180655; Abcam), rabbit anti-Akt (dilution, 1:3,000; cat no. 4691s), rabbit anti-phosphorylated (p)-Akt (dilution, 1:3,000; cat no. 4060s), rabbit anti-Bcl-2 (dilution, 1:500; cat no. 3498s), rabbit anti-p21 (dilution 1:5,000; cat no. 2947s), rabbit anti-p27 (dilution, 1:500; cat no. 3686s; all Cell Signaling Technology), rabbit anti-caspase-3 (dilution, 1:250; cat no. ab44976; Abcam), rabbit anti-cleaved caspase-3 (dilution, 1:500; cat no. 9664s; Cell Signaling Technology), rabbit anti-CDK4 (dilution, 1:500; cat no. ab68266; Abcam) and mouse anti-β-actin (dilution, 1:1,000; cat no. 4970s; Cell Signaling Technology). The membranes were washed 3 times in Tris-buffered saline with Tween-20 (TBST) for 10 min, then incubated with anti-rabbit or anti-mouse horseradish peroxidase-conjugated IgG (dilution, 1:5,000; cat nos. TA130023 and TA130003, respectively; OriGene Technologies, Inc., Beijing, China) at room temperature for 1 h. The membranes were washed 3 times in TBST for 15 min. Finally, membranes were treated with an enhanced chemiluminescence reagent (Merck KGaA). Imaging apparatus (AI 600 RGB; GE Healthcare) was used to detect chemiluminescence according to the manufacturer's protocol.
Statistical analysis. Data were expressed as the mean ± standard deviation. SPSS 17.0 (SPSS Inc., Chicago, IL, USA) was used to conduct statistical analysis. A t test was used to compare differences between two groups, and one-way analysis of variance followed by a least significant difference post-hoc test was used for the comparison of multiple groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Per2 was successfully overexpressed and downregulated.
Following transfection for 24 h, per2 expression was detected by the immunofluorescence staining of the five groups of cells (i.e., Blank control, per2 overexpression, plasmid-only, per2 siRNA and control siRNA groups). The per2 overexpression group exhibited an increase in per2 fluorescence intensity, while there was reduced intensity in the per2 siRNA group. There were no differences between the blank control, plasmid-only and siRNA control groups (Fig. 1A) . Western blot analysis was also performed to investigate per2 protein expression. The results of western blotting corresponded with the results of immunofluorescence.
Per2 overexpression decreased osteosarcoma cell proliferation and prevented apoptosis, in contrast with per2 knockdown.
The CCK8 assay was used to analyze MNNG/HOS cell proliferation. Per2 overexpression induced a significant decrease in proliferation ( Fig. 2A) . Conversely, per2 knockdown significantly upregulated proliferation ( Fig. 2A ). There were no statistically significant differences between the blank control, plasmid-only and siRNA control groups. A TUNEL assay was also used to analyze the rate of MNNG/HOS cell apoptosis. The results indicated that the per2 overexpression group demonstrated an increase in apoptosis whereas per2 siRNA prevented apoptosis. Plasmid-only and control siRNA groups did exhibited a significantly increased rate of apoptosis compared with blank control (P<0.05). The reason may be that damage was caused by Lipofectamine 2000. Per2 Plasmid was significantly increased compared with the normal control (P<0.01) and the empty plasmid (P<0.01). Per2 siRNA was significantly decreased compared with siRNA control (P<0.05) (Fig. 2B and C) .
Per2 overexpression decreases MNNG/HOS cell migration,
in contrast with per2 knockdown. The migration ability of MNNG/HOS cells was evaluated with a Transwell assay. It was demonstrated that per2 overexpression decreased MNNG/HOS cell migration, whereas per2 siRNA increased MNNG/HOS cell migration. There were no statistically significant differences between the blank control, plasmid-only and siRNA control groups (Fig. 3A and B) .
Affects of the alteration of per2 on the expression of proliferation and apoptosis-associated proteins.
The activation of Akt in tumor cells enhances cell migration and growth (24) . Western blot analysis was used to detect proteins from the Akt signaling pathway, and other proteins associated with proliferation and apoptosis. As demonstrated in Fig. 4 , decreased protein levels of p-Ser473 Akt were observed in MNNG/HOS cells with per2 overexpression, whereas per2 siRNA increased the p-Ser473 Akt level (Fig. 4A and B) . Per2 overexpression also elevated the levels of p27 and p21 protein expression. Conversely, per2 knockdown decreased the p27 and p21 levels (Fig. 4A, C and D) . In addition, the overexpression of per2 reduced the protein expression of Bcl-2, whereas the suppression of per2 increased the expression of Bcl-2 ( Fig. 4A and E) . Per2 overexpression increased cleaved caspase-3 protein expression, whereas per2 siRNA decreased cleaved caspase-3 protein expression (Fig. 5A  and C) . There was no alteration of CDK4 expression in per2 overexpression and siRNA cells (Fig. 5A and B ). There were no evident differences in expression among the control groups.
Discussion
Osteosarcoma continues to present a threat to human health and survival. Proliferation and metastasis are critical events in the pathogenesis of cancer (25) . Oncogenes and tumor suppressor genes are associated with cancer cell proliferation and differentiation; therefore, it is necessary to identify genes which promote osteosarcoma cell growth, survival and metastasis.
Previous studies have demonstrated that the aberrant expression or rhythm of circadian clock genes is associated with carcinogenesis and cancer progression (26) (27) (28) . The core clock genes include per1, 2 and 3, CLOCK, cryptochrome1 (CRY1), cryptochrome2 (CRY2), Bmal1, casein kinase1 epsilon (CSNK1ε), timeless (TIM) and timeless-interacting protein (Tipin) (23) . Among the clock genes, per2 has been demonstrated to serve an important role in cancer progression, and its altered expression has been identified in a number of types of cancer (20) (21) (22) (23) . The overexpression of per2 has been demonstrated to suppress tumor growth in vivo (29) and to induce apoptosis in cancer cells (30) .
Additionally, mice deficient in per2 exhibited a higher incidence of cancer development (31) . It was previously reported that per2 expression level is associated with patient age, tumor histological grade, invasion depth, lymph node metastasis and tumor-node-metastasis stage (28) . It was also demonstrated that a reduced expression of per2 accelerated tumor growth in vitro (32) . Furthermore, Koyanagi et al (33) reported that per2 inhibited tumor angiogenesis through inhibiting vascular endothelial growth factor agonist activity.
In the present study, a per2 plasmid and anti-per2 siRNA were constructed, and transfected into MNNG/HOS cells. Per2 expression was detected by western blotting and immunofluorescence. MNNG/HOS cell proliferation, migration and apoptosis were detected by CCK-8, Transwell and TUNEL assays. Per2 overexpression inhibited MNNG/HOS cell proliferation and migration, while apoptosis was upregulated. In cells with per2 siRNA, the effect was the opposite.
The results of the present study suggest that the overexpression of per2 may alter MNNG/HOS cell function through the Akt cascade, as per2 overexpression inhibited Akt phosphorylation. The Akt signaling pathway is a downstream signal transduction pathway involving numerous growth factors and cytokines. The Akt signaling pathway inhibits cell apoptosis, promotes cell proliferation and is associated with tumor occurrence, while also affecting the migration and invasion of tumor cells and promoting tumor progression. The associated PI3K/PKB signaling pathway also affects glucose metabolism and promotes the growth of tumor cells (34) . It was previously demonstrated that cells with downregulated per2 expression have sustained high levels of Akt phosphorylation after growth factor stimulation or DNA damage (35) . A study by Chen et al (17) also demonstrated that per2 knockdown increased the activity of the PI3K/AKT/mTOR signaling pathway, and that the overexpression of per2 reduced growth and promoted apoptosis in A549 cells.
The Bcl-2 family of proteins is a key regulator of the mitochondrial response to apoptotic signals. The Bcl-2 gene family comprises different members that regulate apoptosis either positively or negatively. In the present study, the expression of Bcl-2 was investigated. As shown in Fig. 4 , there was a decrease in the Bcl-2 protein levels in per2-overexpressing cells compared with control cells.
It was also identified that per2 over-expression inhibited p21/p27 protein expression. As key regulators in cell proliferation, p21 and p27 serve important roles in DNA damage repair, cell differentiation and senescence (36) . Per2 may inhibit MNNG/HOS cell proliferation through inhibiting p21/p27 expression.
Cyclin-dependent kinases (CDKs) are oncogenes in a range of cancer types (37) . Components of the CDK pathway are deregulated in the majority of human tumors (38) . In the present study, there was no alteration of CDK4 expression. The expression of the apoptosis-associated protein cleaved caspase-3 was also detected. Per2 overexpression may have increased cleaved caspase-3 expression to induce MNNG/HOS cell apoptosis.
In the present study, the rates of MNNG/HOS cell proliferation and apoptosis at different per2 expression levels were observed, confirming that the per2 level serves an important role in osteosarcoma cell function. In a previous study (34) , another group reported that the overexpression of per2 increased apoptosis and decreased proliferation in MG-63 cells. However, they did not further explore the influence of a lower expression level of per2 on MG-63 function, and did not explore the p53-dependent apoptosis signaling pathway.
In summary, the present study demonstrated that the overexpression of per2 resulted in reduced proliferation and increased apoptosis in MNNG/HOS osteosarcoma cells. Overexpressed per2 altered the expression of apoptosis-associated proteins that were involved directly or indirectly in apoptosis; however, the exact mechanisms for the effects of per2 require further elucidation.
